axons reroute to the M50 glomeruli.
. We propose the alternative view that axons do though the evidence for one receptor per neuron is not not converge onto a glomerulus, but coalesce into a gloconclusive (Mombaerts, 2004b) . OSNs expressing a merulus. given OR gene are scattered within the epithelium, and Here, we describe an experimental paradigm based patterns of OR gene expression define at least four on the rerouting to donor OR glomeruli in the replacezones in the olfactory epithelium (Ressler et al., 1993;  ments M72→M71 and M71→M72. The M71 and M72
Vassar et al., 1993; Iwema et al., 2004).
ORs differ only in 11 of 309 amino acids (4%). A series We have designed homologous integration of histoof hybrid ORs in which the M71 OR at the M71 locus logical marker genes in the mouse germline to label is modified with selected M72 residues reveals critical specifically the cell bodies and axons of OSNs expressamino acids, located within predicted transmembrane ing a given OR . Such OSNs send domains. Axons exhibit a spectrum of phenotypes such convergent axonal projections to a small area within the as partial rerouting and compartmentalized glomeruli. medial and lateral halves of the olfactory bulbs ( 
(B and C) Targeting vectors and homologous recombination; i is IRES, tk is thymidine kinase, neo is neo-selectable marker. (D and H) After homologous recombination. (E and I) After removal of tk-neo cassette by Cremediated recombination in ES cells generating the OR-IRES-tauLacZ mutations. (F and J) OR-IRES-tauGFP mutations. (G) M71 coding region is replaced with M72 and IRES-tauLacZ. (K) M72 coding region is replaced with M71 and IRES-tauGFP.
(L-N) Dorsal view of olfactory bulbs at PD21 stained with Xgal. In M71-LacZ (L) and M72-LacZ (M) homozygous mice, labeled axons project to at least one medial and one lateral glomerulus in each bulb, thus at least four per mouse. The average is 1.16 glomeruli per half-bulb for M71 (n ϭ 64 half-bulbs, 16% have Ͼ1 glomerulus) and 1.32 for M72 (n ϭ 79 half-bulbs, 32% To determine the critical residues, a series of targeted mutations at the M71 locus was generated. The M71 OR reduced from ‫05ف‬ m to ‫23ف‬ m in diameter, a decrease consistent with a ‫%05ف‬ reduction of axonal inbackbone is modified into a more M72-like OR through residue substitutions, creating hybrids Hyb·A through puts; all axons innervating these glomeruli are of M71-GFP origin (data not shown). These controls establish Hyb·J ( Figures 3A and 3J ). The glomerular phenotypes were assessed by confocal imaging in whole-mounts the validity of our genetic design.
A mouse contains two bulbs each with an internal and sections and are summarized in Figure 4 . Hyb·A-LacZ or Hyb·C-LacZ axons co-converge and plane of symmetry, thus four half-bulbs. Whole-mount inspection of the bulbs reveals foci of converging axons co-mingle with M71-GFP axons ( Figure 3B ). But Hyb·A-LacZ is not identical to M71 because Hyb·A-LacZ axons that can easily be discerned as glomeruli. M71-LacZ and M72-LacZ mice have usually one glomerulus per segregate from M71→M72-GFP axons into compartments within glomeruli ( Figure 3C ). As two axonal popuhalf-bulb ( Figures 1L and 1M) . In a [M71-LacZ] ϫ [M72-LacZ] cross, there are usually two glomeruli per halflations can co-converge to the same glomeruli without co-mingling, henceforth we switch to the term "axonal bulb ( Figure 1N) Figure 3N ). Additionally, Hyb·H-GFP and Hyb·I-GFP axons must be slightly Hyb·A-LacZ axons, suggesting that the axonal segrega-tion phenotype of Hyb·E-GFP can be compensated by determined in pairwise crosses by whole-mount and serial sections and are summarized in Figure 5G . Our making the OR more similar to Hyb·A. Compensation of axonal identity explains why Hyb·J axons, which form mapping shows that M50 glomeruli are ventral to P2, P3, and P4 glomeruli, which in turn are ventral to M71 novel glomeruli when compared to M71 or M72, coconverge with but segregate from Hyb·B axons (Figglomeruli (Figures 5B-5G ). This dorsal-ventral configuration is consistent with the notion that the spatial orgaure 3O).
Glomerular phenotypes for 53 crosses between all 16 nization of the epithelium correlates grossly with that of the bulb. alleles of M71 and M72 are summarized in Figure 4 . They reveal that multiple amino acids influence axonal We generated four replacements at the P2 locus: P3→P2-GFP, P4→P2-LacZ, M71→P2-LacZ, and M50→ identity. These residues are primarily distributed within predicted transmembrane domains of the OR.
P2-GFP ( Figure 5A ). All create novel, homogeneous glomeruli ( ., 1996) . We repeated three replace-M50→P2-GFP is special among the OR→P2 replacements. Moreover, our results differ from the published ments at the P2 locus, using OR donor sequences that are identical to the endogenous counterparts.
M50→P2 replacement (Wang et al., 1998) . A subpopulation of M50→P2 axons reroutes to the M50 glomeruli, For this re-examination, we generated targeted mutations ( Figure 5A ) for the P3 gene (P3-GFP and P3-LacZ) while the majority of axons form two additional dorsal glomeruli ( Figure 5G; Figures 6A-6FЈ) . One of the extra and the M50 gene (M50iGFPiLacZ). In addition, as P3 has a homolog with 93% amino acid identity, P4, we M50→P2 glomeruli is very close to the P2 glomerulus, and the other often apposes the M50 glomerulus (Figgenerated P4 -LacZ mice. In whole-mounts, P3-LacZ and P4-LacZ expression overlaps with that of P2*-LacZ ures 6E and 6EЈ). The two dorsal M50→P2 glomeruli are homogeneous ( Figures 6D and 6F) . Interestingly, the (Mombaerts et al., 1996) . Labeled P2, P3, and P4 axons each coalesce into specific glomeruli (Figures 5B-5D) . cellular expression levels of M50 and M50→P2 appear similar. The level of P3-LacZ expression per cell, as estimated indirectly by the intensity of the blue Xgal precipitate, Thus, M50→P2 axons comprise three distinct subpopulations of axons, one of which reroutes to the enis consistently less upon prolonged staining than that of P4-LacZ, which in turn is less than that of P2*-LacZ dogenous M50 glomeruli. These three populations likely originate from different parts of the epithelium. Some ( Figures 5B-5D and 5I-5K Figure 6G versus 6H) .
an M50→P2-GFP/Z3 glomerulus (C, high magnification) dorsal to a M50→P2-GFP/Z2 glomerulus, which is adjacent to the endogenous M50/Z1 glomerulus (E and EЈ, high magnification). Green M50→P2-GFP axons innervate this endogenous, red M50 glomerulus (E, combined; EЈ, GFP only). Antibody to ␤-galactosidase (red); TOTO-3-labeled cells (blue) surrounding glomeruli. Note that the GFP (hatched green box) fluorescence from M50iGFPi-LacZ is not detectable in axons and glomeruli compared to the higher expression level of tauGFP from M50→P2-GFP; these axons appear as red in (A), (B), and (E). (D and F) M50→P2-GFP glomeruli of homozygous mice with an antibody to NCAM (red) to label all OSN axons. The dorsal, Z3 glomerulus (D) is homogeneously innervated by M50→P2 axons, without extra axons. The two more ventral glomeruli (F) consist of one dorsal, Z2 glomerulus, homogeneously innervated by M50→P2 axons; and a ventral glomerulus, filled mostly with red axons presumably reflecting the unlabeled axons from the wild-type M50 alleles. Some green M50→P2 axons enter this endogenous M50 glomerulus, as revealed by GFP fluorescence without NCAM labeling (FЈ). (G and H) Whole-mount fluorescence of turbinates at PD10 show ventral expression of M50iGFPiLacZ cells (G, green); more dorsal expression of M50→P2-GFP (H, green); and [M50→P2-GFP] ϫ [M50iGFPiLacZ], which reveals that the distribution of LacZ cells (Xgal-FRV, red fluorescence) and some GFP-only cells overlap (I, arrows). High magnification of epithelium shows some red M50iGFPiLacZ cells neighboring green M50→P2-GFP cells (J, arrows
We conclude that position in the epithelium is another Because a single amino acid change in the M71/M72 hybrids can form novel glomeruli, we examined the efdeterminant of axonal identity. We hypothesize multiple positional cell types, which do not correlate strictly with fect of amino acid polymorphisms between 129 and C57BL/6 (B6) mouse strains for P2, P3, P4, M50, and tion in the bulb; by transducing correlated patterns of odorant-evoked activity; or by molecular interactions M72 ( Figure 7J ). The sequence of P3 is identical in both strains, and M71 is a pseudogene in B6. across axons. In this paper, we present a contextual model for axonal identity, in which axons sort them-P2: The only difference, I282V within TM7, is incorporated in the P2*-LacZ mutation . selves out by homotypic interactions based on the expressed ORs. We define OR amino acid sequence, OR This single amino acid change causes partial segregation within glomeruli between axons of P2*-LacZ and protein level, and positional cell type as determinants of axonal identity. 129-derived P2-GFP mice; axons co-converge but do not co-mingle (Figures 7A-7C) . The P2*-LacZ axonal segregation was not seen previously ( and M50→P2) have similar expression levels per cell P3: There are no amino acid differences. P3-GFP axbetween donor and recipient OR; the OR replacements ons co-mingle with both P3 (129) and P3 (B6) axons that fail to do so differ at least 2-fold. The effect of (data not shown).
OR protein level is experimentally tested by a drastic Thus, in all four examined OR genes with naturally reduction of M71 protein level, which produces novel, occurring amino acid polymorphisms, we observe glohomogeneous glomeruli remote from the M71 glomeruli merular phenotypes that are analogous to those of the (Feinstein et al., 2004 ). M71-M72 hybrid ORs.
Why were multiple glomeruli and partial rerouting not observed in the M50→P2 replacement of Wang et al., 1998? We think there is a technical explanation. Our Discussion M50→P2 replacement differs in three ways: M50 is of 129 instead of B6 origin; the M50 protein is not MYC There are three generic models for how ORs might function in axon guidance: by interpreting positional informaepitope tagged at its amino terminus; and the M50 cod- 
